Figure 1. Surface-enhanced Raman spectroscopy (SERS) spectra ofˇ-hematin that were obtained with (top) and without (bottom) the use of the magnetic-field enhancement methodology. Spectra are shown forˇ-hematin mixed with (a) and (d) iron oxide-silver (Fe 3 O 4 @Ag) nanoparticles, without any nanoparticles (b) and (e), and (c) and (f)
depends on the distance between the molecule and the metal surface. In our investigation we have therefore focused on achieving a tight contact between hemozoin and silver nanoparticles to enhance the SERS signal. This is a non-trivial task, however, because hemozoin is a nanocrystal (about 300nm long and 100nm in diameter) 9 and its concentration is extremely low during the early stages of the malaria infection.
In our first strategy, we explored using the magnetic property of hemozoin to achieve the tight contact between it and the SERS-sensitive nanoparticles. Hemozoin is paramagnetic and thus exhibits an induced magnetic field when it is in close proximity to an external magnet. We took advantage of this property by coating a SERS-sensitive silver (Ag) layer on the outside of a magnetic iron oxide (Fe 3 O 4 ) nanoparticle to form a nanoshell structure (Fe 3 O 4 @Ag). In this setup, the nanoshell is attracted toward a nearby hemozoin crystal when an external magnet is present. In addition, both the hemozoin crystals and the nanoshells are attracted toward the magnet and so the concentration of both becomes enriched. We have evaluated this method (see Figure 1 ) onˇ-hematin (a biocrystal with spectro- scopic characteristics similar to hemozoin). 10 We achieved an enhancement of nearly two orders of magnitude from the magnetic field enrichment. We have also determined that this methodology has a sensitivity of 5nM, which is equivalent to 30 parasites per l in the ring stage (i.e., early stage of infection).
More recently, we have developed another ultrasensitive approach that does not involve the use of an external magnet, and we have tested it on malaria-infected human blood. 11 In this method, we synthesize Ag nanoparticles inside the malariainfected erythrocytes (red blood cells) to realize a closer contact with hemozoin than in the traditional SERS technique, which involves simple mixing of the synthesized nanoparticles with isolated hemozoin. In our strategy we also lyse (i.e., cause breakdown of the cell membrane) the infected red blood cells so that we release their internal material without causing lysis of the actual parasites. We then dissolve silver nitrate in the parasite suspension so that Ag ions can enter the parasites. The Ag nanoparticles are subsequently reduced within the parasites.
We have evaluated the effectiveness of this new ultrasensitive strategy, in comparison to the traditional SERS approach, by testing it on human blood (see Figures 2 and 3) . We findsee Figure 2 -that the detection limit of the traditional SERS strategy is about 0.01% (i.e., about 500 parasites/ l). In contrast, the detection limit of our ultrasensitive method-see Figure 3 is much lower (about 0.00005%, or 2.5 parasites/ l). We note Continued on next page that this detection limit is even lower than that of the standard microscopy-based method (which has a detection limit of about 4-20 parasites/ l) 3 and is close to that of PCR (limit of about 0.7 parasites/ l). 5 With such a high sensitivity, our method could be used for the detection of single parasites. 12 In summary, we have developed two new SERS-based techniques to improve malaria detection methods. We have experimentally verified the effectiveness of both approaches and have shown their high sensitivity, which is suitable for early diagnosis of the malaria infection. In our current research we are working to facilitate the use of SERS techniques in the field. To that end, we are developing paper-based microfluidic chips that can be used to simplify sample preparation. In addition, we are developing a cost-effective spectrometer that can be used for the deployment of our new techniques in low-resource regions.
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